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The mechanism of kink formation in Multiwall Carbon Nanotubes(MWNTs) is studied by means of elastic
theory with a consideration of the interlayer Frenkel-Kontorova interaction. The critical condition obtained
through a calculation of the self-consistent correlation function suggests that a large asymmetric constant, after
a competition with bending constant, can generate kink conformation in MWNTs. An evaluation of kink angle
for kinked carbon MWNTs yields 33.6° and is in good agreement with the previous results observed through
experiments.
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I. INTRODUCTION
Since the multiwall carbon nanotubes(MWNTs)1 were
discovered, many useful insights have been obtained through
various theoretical and experimental investigations.2–5 Al-
though most carbon MWNTs composed of concentric graph-
ite shells grow fairly straight, much attention has been paid
to the kink conformation of MWNTs which has been ob-
served through experiments.6–9 It was found that under cer-
tain growth conditions, MWNTs exhibit helical, coil or zig-
zag morphologies with kinks connecting adjacent
segments.6–8A joint angle of 30° between adjacent segments
in coil-shape MWNTs, of which one pitch contains 12
straight segments, has been experimentally reported.9
Unveiling the mechanism for kink formation is crucial for
the study of MWNTs conformation, and is also of help to
understand some other interesting issues such as filaments in
biological systems. Many efforts have been made to give an
explanation to the kink mechanism in nanotubes. Dunlap and
Ihara have proposed a model of tubule joints composed of
pentagon-heptagon paired defects(PHPDs).10–14 They ar-
rayed a pentagon and heptagon of carbon atoms on diametri-
cally opposite sides of a nanotube, which can form a helix as
observed by experiments. The pentagon-heptagon model did
explain somehow the asymmetric crystal growth in some
single-wall carbon nanotubes(SWNTs) but does not answer
the question of why PHPDs should align synchronously in
successive shells in order to produce localized kinks in
MWNTs. On the basis of structural image proposed by Dun-
lap et al., Han15 used a molecular dynamic technique and
Brenner potential to calculate the energy structure of
SWNTs, indicated that a bend angle 34° is more stable than
others for SWNTs. However, the kinked helices observed are
in MWNTs but not in SWNTs. Thus a quantitative under-
standing, in particular, of the kink formation of MWNTs,
remains challenging. Because the basic physics of kink for-
mation is the competition between bending energy and inter-
layer interaction energy, we will use elastic theory, which
includes an interlayer interaction with a simple sinusoidal
potential, to analyze the kink formation of MWNTs in this
paper. A comparison between theoretical calculation and ex-
perimental results will be carried out.
II. ANALYSIS
Figure 1 shows the schematic topology of a kinked
MWNT. Our analysis starts from the consideration that kink
conformation comes from a competition between elasticity
and interlayer interaction. MWNTs tend to maintain straight
in order to keep at the smallest elastic energy state, while the
interlayer interaction, which is the source for corrugation as
well as buckling, will bend the nanotubes. A reasonable in-
terpretation of the kink formation in MWNTs should take
into account elasticity as well as interlayer interaction. We









whereL is the length of the MWNT,usld is the bending angle
at the curve distancel and YI is the bending constant of a
single tube. The first term of Eq.(1) on the right hand side is
the elastic energy, and the second term is the Frenkel-
Kontorova interaction energy between layers which plays a
key role in the kink formation. Hereg measures the corru-
gation strength of the interaction potential andx is the asym-
metric constant which, if larger than 1, gives the number of
kinks per loop of MWNTs.16 In order to find the functionusld
that minimizesH, setting the variational derivativedfHg=0
FIG. 1. Schematic topology of a kinked MWNT.
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from which the kink length is defined as
lkink = s1/xdÎ2YI/g. s3d
Equivalently, givenlkink, one gets
x = s1/lkinkdÎ2YI/g. s4d
In order to find the critical condition of kink conformation





where b=1/T with T the temperature of environment. As
what we care about is the critical condition for MWNTs to
bend, a useful and reasonable action is to expand the second
term of Eq.(1) aroundu=0. Substituting Eq.(1) into Eq.(5)








Taking into account the self-consistent relationku 2l













gx2/2 + YIq2 − gx4ku 2l/4
, s7d
whereL is the cut-off wave number. A transition will occur
whenTG−1sq=0d approaches zero, which allows us to deter-
mine the critical condition,


















at the phase transition point. Equation(9) indicates that a
sufficiently large asymmetric constantx will generate a kink
conformation. It is obvious from theYI−x phase diagram
(Fig. 2) that materials falling into the low right region tend to
have kink conformations.
III. EVALUATION AND DISCUSSION
To gain more insights into the kink angle of MWNTs, we
use a two-layer carbon MWNT as an example of evaluation,
of which the inner radius isr1=0.35 nm and the outer radius
is r2=0.69 nm.
20 In Eq. (1), when the bending angleusld
=0, the nanotube is straight and the second term of Eq.(1)
should return to the van der Waals interaction between the
two layers. To evaluate the interlayer interaction between
two carbon layers, we recall the interaction energy proposed
by Zhenget al. between a monolayered graphite sheet and a







where a=0.142 nm is the carbon-carbon bond length.d
=2.7 is the van der Waals distance ands=2.39 is the distance
between two layers, with both normalized bya. A is an en-
ergy constant taken to be 24.3310−79 J m.6,17 With Eq. (10)
and parameters given above, one immediately obtains the
interaction energyw=−6.42310−21 J between a single car-
bon atom and a monolayered graphite sheet. For two-layer
MWNTs, the number of atoms per unit length of the inner
layer isN=2pr1/V, whereV is the area per carbon given by
V=3Î3a2/4.18 Given r1 and V, one obtains N=8.40
31010 m−1, and the van der Waals interaction per unit length
between layer becomesNw=−5.39310−10 J m−1. This im-
plies g=10.78310−10 J m−1.
Now let us evaluate the length of kinklkink. Whenever a
kink formation occurs in an MWNT, multiple buckles tends
to form on the compressed sides of thick-walled nanotubes,
while thin-walled nanotubes typically form single buckles
with the buckling wavelength given by19
l = 2pf12s1 − n2dg−1/4Îr2h, s11d
which can be treated aslkink. Heren is Poisson ratio, andh
=r2−r1 is the total thickness of nanotubes. For two-layer
carbon nanotubes, structural parametersn=0.19, r1
=0.35 nm, andr2=0.69 nm, givel=1.646 nm.
19
To evaluate the asymmetric constantx in Eq. (4), it is also
necessary to calculate the elastic constant of MWNTs. The
Young’s modulusY is 1 T Pa, and the cross-section area mo-
ment of inertia of the nanotube about its central axis can be
calculated byI =psr2
4−r1
4d /4.20 GivenY, I, l andg evaluated
above, one obtainsx=10.7 and the critical condition Eq.(9),
can be easily checked. We chooseL=2p /a T=1173 K,9 and
get LTx2/ s2p2d=2.0531013 Pa m4. Obviously this value
falls into the kinked region of Fig. 2. In a coiled tubule, the
junction can be seen as two separate straight tubules joined
together and the kink angle is the one whenl →` in Eq. (2),
that is,
FIG. 2. YI−x phase diagram for a kink conformation to
occur.






Given x=10.7, one obtainsus`d=33.6°. This is close to 30°
reported by Ref. 9 for carbon MWNTs through experiments
and the Dunlap knee angle 30° 11–13derived by the model of
tubule joints associated with pentagon-heptagon pairs.
Here is necessary to note that the evaluated bending angle
is larger than 30°. The reason may lie in the fact that the real
MWNTs have quite a number of walls, which will lead to a
smaller effective kink length than the buckling wavelength
evaluated above.
IV. CONCLUSION
A model based on the interplay between elasticity and
Frenkel-Kontorova interlayer interaction is proposed to study
the kink mechanism of MWNTs. The critical condition of
kink conformation in MWNTs derived by means of self-
consistent correlation function calculation shows that a large
asymmetric constant tends to bend MWNTs. A numerical
calculation yields a kink angle of 33.6° for kinked carbon
MWNTs. This is an angle in good agreement with the previ-
ous results observed through experiments in Ref. 9.
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